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When measuring I-V characteristics and carrier lifetimes in quasi-steady-state QSS conditions, it
is important to consider the time dependence of the charge due to excess carriers within the device.
This paper shows that the space-charge region present in pn-junction devices and in many lifetime
test structures can produce a significant capacitive effect when measuring the low voltage and low
carrier density range of QSS I-V curves. Both computer modeling and experiments show that the
junction capacitance is particularly significant in the case of low-resistivity silicon wafers, but it can
also be noticeable in intermediate and high-resistivity samples. The paper demonstrates that the
static I-V characteristics can be accurately reconstructed using a simple analytical model for the
space-charge region. It thus fills a gap in the understanding of the low injection range of QSS
voltage and lifetime measurements. © 2005 American Institute of Physics.
DOI: 10.1063/1.2073973I. INTRODUCTION
The measurement of the open-circuit voltage versus illu-
mination intensity in the quasi-steady-state1 QSSVoc is a
fast and convenient method for determining the static diode
characteristics of solar cells. It is, at the device level, an
analog to the photoconductance2 QSSPC technique widely
used to measure the carrier lifetime as a function of the ex-
cess carrier density. Since voltage can be translated into
excess carrier density, the QSSVoc method can, in its own
right, be used to characterize carrier lifetime, and vice
versa. Both methods are inherently based on changing the
injection level as a function of time. Commonly, this is
achieved with a photographic flash or a cluster of light-
emitting diodes LED whose brightness fades with a char-
acteristic time constant of one to several milliseconds. Such
slow dimming is usually enough to resemble very closely the
desired static conditions for most silicon solar cells and over
their most important operating regime, that is, for voltages
and carrier densities in the vicinity of the maximum power
point.
Nevertheless, transient effects can still be present in QSS
measurements. The extended analysis proposed by Nagel
et al.3 for QSSPC and Kerr et al.4 for QSSVoc can deal with
situations where the carrier lifetime is greater than the dim-
ming constant of the light source, conditions that can be
more properly labeled as quasitransient. The success of those
extended analyses has led most people to presume that they
are completely general, ignoring that, as most analytical
models, they have limitations. As lifetime measurement tech-
niques become more sensitive, reaching excess carrier den-
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even lower for QSSVoc, some of these limitations are becom-
ing apparent. In particular, the capacitive effects associated
with the space-charge region SCR of the pn junction can
significantly distort the measured I-V curves. These SCR ef-
fects were ignored in the previous QSS models, which were
restricted to considering the rate of change of the excess
carrier charge in the base region. Conversely, junction ca-
pacitive effects have historically been a major preoccupation
when performing experiments in which brusque temporal
changes occur, such as in diode switching. For example, in
the open-circuit voltage decay OCVD technique, junction
capacitance frequently dominates a wide range of the observ-
able voltage transient.6
Although not as exposed to it, the QSSVoc technique is
not totally impervious to the junction capacitance. As shown
in this paper, the space-charge region contributes with a
time-dependent capacitive effect that, although usually neg-
ligible in QSS photoconductance measurements, is often
dominant in the lower injection level of the QSSVoc curves.
A good understanding of this effect and the ability to model
it are essential to extract relevant information about SCR
recombination, leakage, and shunting losses, which are en-
demic in the low voltage range of the I-V characteristics.
In addition, the SCR has been shown to distort the mea-
surement of the excess photoconductance in photoconduc-
tance decay7 PCD and QSSPC8 lifetime measurements,
through the so-called depletion region modulation DRM
effect.9,10 The distinction between DRM, which has no role
in neither voltage nor photoluminescence measurements, and
SCR capacitance is also clarified in this paper.
© 2005 American Institute of Physics7-1
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IN SOLAR CELLS
Upon excitation, semiconductors develop electrons and
holes in excess over their equilibrium densities. The inte-
grated excess carrier density within a particular region, mul-
tiplied by the elementary charge q, is commonly referred to
as the excess carrier charge. For example, in a p-type base
region,
QBt = q
0
WB
nBdx . 1
Although the electron charge is negative, we have not in-
cluded a minus sign in the definition of QB. Note that charge
neutrality still applies to the base region thanks to the coex-
isting excess hole concentration, pn. In response to a
light-induced photogeneration rate GT, excess carriers re-
combine at a rate UT, reduce or build up their numbers that
is, modify the excess carrier charge dQT /dt, or flow out of
the device, J. These mechanisms are perfectly balanced,
which can be expressed mathematically as
qUT = qGT −
dQT
dt
− J . 2
This equation, where QT is the total carrier charge “stored” in
the different regions of the device, constitutes the central
formulation of the charge control model,11,12 and has been
amply documented in classic semiconductor device texts.13
In a typical solar cell, the total recombination rate UT is
composed of recombination in the bulk of the wafer, recom-
bination within the space-charge region, and recombination
at the surface regions. Recombination within the space-
charge region is frequently masked by leakage and shunting
losses, and rarely follows simple theoretical models; its value
is expressed below by the term JSCR. Recombination at the
surfaces is represented in Eq. 3 by means of the electron
current densities JFront and JRear. In silicon solar cells, the
surfaces are typically occupied by n+ and p+ diffusions, com-
monly referred to as the emitter and back surface field BSF
regions. In devices not having a BSF, the current JRear takes
the form of a surface recombination velocity Srear multiplied
by the excess carrier concentration; if Srear is very high, the
diffusion of electrons towards the surface limits the upper
value of JRear. Samples used for lifetime testing are usually
symmetrical, having identical emitter regions or surface re-
combination velocities on both the front and rear surfaces.
Finally, recombination in the volume of the wafer is given by
the ratio between the base charge that is, the excess carrier
density profile in the base and the minority carrier lifetime
electrons in a p-type base, for example nB. The total re-
combination rate UT can then be written as
qUT =
QB
nB
+ JSCR + JFront + JRear. 3
For simplicity, we have assumed that the minority carrier
lifetime in the base region nB is spatially constant. Alterna-
tively, nB could be viewed as the average lifetime within the
base. From a practical point of view, it is useful to define a
base-centric effective lifetime that represents all recombina-
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and eff,
qUT 
QB
ef f
, 4
1
eff
=
1
nB
+
1
QB
JSCR + JFront + JRear . 5
The effective lifetime is a complicated parameter that en-
compasses all the different carrier losses within the device. It
is, in principle, possible to extract information on each of
those mechanisms from eff, but this is no trivial task. Mea-
suring the effective lifetime over a broad range of carrier
injection levels provides additional information that can be
exploited to separate them, but even in this case, it is neces-
sary to carefully consider the possible contributions from the
remaining recombination terms.14,15
Once the effective lifetime has been defined, and after
noting that the emitter charge term dQE /dt can usually be
neglected,12 Eq. 2 can be rewritten as
QB
eff
= qGT −
dQB
dt
−
dQSCR
dt
− J . 6
This equation displays the different methods that may be
used to measure eff. First and foremost, the excess carrier
density that is, QB needs to be measured in all cases. Next,
one can choose to measure: a QB under illumination typi-
cally a steady state or slowly varying illumination GT
=Nphfabs, where Nph is the incident photon flux and fabs is the
fraction of those photons absorbed within the silicon wafer,
b the rate of change of the excess carrier charge in the dark
dQB /dt, or c a combination of a time-dependent illumi-
nation and base charge that is, a QSS measurement. Note
that the variability of the SCR charge should be minimized,
or corrected for. As a fourth method, one could think of d
determining the effective lifetime from dQSCR/dt while sup-
pressing dQB /dt, but the experimental conditions to achieve
this usually correspond to the very low injection range,
where the effective lifetime tends to be dominated by recom-
bination in the SCR. Finally, it is possible to e obtain eff by
injecting a steady-state current in the dark, following that the
intuitive interpretation of the total diode current is then equal
to the total recombination within the device. Note that, even
in nominally open circuit conditions, a current J can flow as
a consequence of a shunt resistance if not already accounted
for within the term JSCR or to the loading of the measure-
ment instrument, which can have a predominantly capacitive
input impedance.
The importance of the rate of change of the base charge
on effective lifetime measurements, dQB /dt, which corre-
sponds to the base-region capacitance, has been discussed by
Nagel et al.3 in the context of photoconductance measure-
ments and by Kerr et al.4 for voltage measurements. We
focus here on the term dQSCR/dt, which represents the ca-
pacitive effects occurring in the space-charge region. As the
carrier injection level within the device varies due to changes
in the excitation, the SCR charge also changes. For example,
as the illumination is dimmed, the forward voltage across the
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excess carrier profile within the SCR and b modulating the
width of the SCR, which expands towards its equilibrium
value. The first of the two effects results in a decreasing
recombination within the SCR, already included in the term
JSCR which theoretically follows an ideality factor m=2.
The second of the two is the predominant charge-storage
effect that underlies the SCR capacitance. In response to a
decreasing voltage, a slice of the quasineutral base region is
converted into SCR or vice versa, if the forward voltage
increases. For this, carriers need to be extracted from or
injected into the edges of the SCR. The corresponding cur-
rent density can be approximately calculated using the com-
mon approximation of complete carrier depletion within the
SCR. This approximation is more accurate for reverse than
for forward bias, but is still acceptable for small values of the
forward bias, which is the case we are interested in.
To reveal the main driving forces for the effect, we con-
sider an asymmetric abrupt junction, where the dopant den-
sity in the emitter is much higher than that in the base region
NENB. The charge due to the ionized dopant atoms in the
SCR is approximately given by the following expression:13
Qdopant  2qSNBo − V . 7
The total number of electrons and holes that is required to
compress the depletion region from its equilibrium dark
value to that corresponding to the particular illumination
and bias voltage under consideration is equal to and oppo-
site in sign to the modification of the ionized dopant charge:
QSCR = 2qSNBo − o − V . 8
In a time-dependent situation QSS, PCD, or OCVD, the
charge QSCR varies with time at a rate:
dQSCR
dt
= −
dQdopant
dt
 qSNB
2o − V
dV
dt
, 9
where s=or is the permittivity of the semiconductor for
silicon r=11.7, o is the electrostatic potential in equilib-
rium o=1–1.1 V for typical silicon solar cells, and V is
the voltage that corresponds to a particular carrier injection
level in the base. Alternatively, the relationship between the
current due to the change of the SCR charge over time and
the rate of change of the voltage can be expressed by means
of the junction capacitance CJ:
dQSCR
dt
= CJV
dV
dt
. 10
Equation 9 indicates that the current, dQSCR/dt, due to the
modulation of the charge in the SCR is proportional to the
square root of the base doping and to the rate of change of
the voltage or, equivalently, of the carrier density. The dis-
tortion produced by the junction capacitance can, therefore,
be expected to be greater for devices made on low-resistivity
wafers and measurement conditions that result in a rapid
change of the excess carrier density with time.
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OPEN-CIRCUIT VOLTAGE MEASUREMENTS
A. Computer simulations
With the help of the above equations, we can predict the
effect of the SCR on QSS illumination-Voc that is, QSSVoc
measurements, which are typically performed under a light
source that changes slowly with time. Because of the junc-
tion capacitance and, depending on the voltage range and of
the particular device, also of the base capacitive term
dQB /dt, the voltage cannot respond instantly to the decreas-
ing light intensity, and a higher than expected Voc will be
measured. The computer simulations shown in Figs. 1 and 2
and the experimental measurements shown in Figs. 4 and 5
confirm that this is indeed the case.
Figure 1 presents computer simulations using the pro-
gram PC1D16 of a typical silicon solar cell with the following
parameters: p-type base region with NB=1016 cm−3, nB
FIG. 1. Simulated illumination-Voc characteristics of a silicon solar cell with
a p-type base doping of 1.5  cm and carrier lifetime nB=100 s. The
characteristics that would be obtained with three different light sources with
dimming constants light=1 ms, 100 s, and 10 s are compared to the
steady-state Isc-Voc curve. The dots superimposed on the latter are the result
of correcting the QSSVoc curves for junction capacitance effects.
FIG. 2. Simulated illumination-Voc characteristics of three silicon solar cells
with the same p-type base doping of 1.5  cm but different carrier lifetimes
of 10 s, 100 s, and 5 ms. The light source has a dimming constant of
light=1 ms. The reconstruction of the static curves is shown in two steps:
first the base charge correction and then the junction capacitance correction.
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=106 cm/s, WE=1 m Joe=500 fA/cm2, JoSCR
=1 nA/cm2, and Gsh=10−6  cm2. In addition to the true
static I-V device characteristics, we have simulated the open-
circuit voltage Voc for three different characteristic time con-
stants light of the illumination an exponential dimming has
been assumed. A representative QSS light source typically
has light=1 ms, which is ten times higher than the carrier
lifetime of this particular device nB=100 s. In such a case,
the correcting terms due to the derivative of the base charge
can be expected to be negligible, and as can be seen in Fig.
1 the QSS I-V characteristics are in excellent agreement
with the steady-state ones for a broad range of voltages and
illumination intensities. Nevertheless, at voltages below 0.37
V, the QSS voltage at a given illumination level is consid-
erably greater than the true steady-state one. The effect is
similar in the case of a faster dimming of the illumination,
with light=100 s, and becomes noticeable at even higher
voltages 0.45 V, approximately.
Based on the theoretical considerations made above, the
low voltage distortion of the QSS characteristics can be ex-
plained by the effect of the junction capacitance CJ. The
issue now is whether it is possible to correct for the effect of
CJ in order to reconstruct the static I-V characteristics. Tak-
ing the modeled voltage versus time as input data, we calcu-
lated the time-dependent current needed to charge the junc-
tion capacitance using Eq. 9. The result is plotted with open
symbols in Fig. 1 for the case of light=1 ms. Subsequently,
this SCR current was added to the QSS voltage versus illu-
mination curve, resulting in the filled dots of Fig. 1. As can
be seen, the resulting characteristic curve is almost perfectly
superimposed on the static I-V curve. A similarly good re-
construction of the static I-V curve was obtained for the case
of light=100 s.
A third quasitransient case with light=10 s corresponds
quite closely to an OCVD situation. The main effect now is
that of the charge in the base, whose rate of change is re-
tarded by a carrier lifetime of nB=100 s. Nevertheless, for
voltages below 0.5 V not plotted in Fig. 1, junction capaci-
tance becomes dominant. Even in this range, typical of a
transient decay in the dark, the simple model is capable of
reconstructing the I-V characteristics from the known voltage
and its derivative as a function of time.
According to the modeling shown in Fig. 1, it is safest to
use a light source that varies as slowly as possible, but even
then junction capacitance effects may be noticeable in a cer-
tain range of voltages, depending on the relative value of the
carrier lifetime of the material compared with the character-
istic time of the illumination. Figure 2 shows additional com-
puter modeling in order to explore different carrier lifetimes
in the base region, from nB=1 s to an upper intrinsic limit
of nB=5 ms, using in all cases a typical QSS flash having
light=1 ms. The device parameters are similar to those in
Fig. 1 1.5  cm, JoSCR=1 nA/cm
2
, and Gsh=10−6  cm2,
except that the emitter and back surface recombination have
been almost suppressed to emphasize the effects of the life-
time in the base NE=1018 cm−3, WE=1 m, Sf =0 cm/s,
−2Joe=16 fA cm , Sr=0 cm/s, and WB=150 m. If the car-
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rate of change of the illumination light=1 ms, the device
would be in quasitransient conditions and the main correc-
tion is the derivative of the base charge. Nevertheless, even
in this case, correcting for the SCR capacitive effect is im-
portant, to accurately reconstruct the device characteristics at
voltages below 0.45 V. The other two cases analyzed nB
=100 s and nB=10 s are essentially static from the point
of view of the base, and only the SCR capacitance needs to
be corrected for. As can be seen in Fig. 2, the CJ correction
becomes significant at a higher voltage, the higher the bulk
lifetime. This is a consequence of the horizontal voltage shift
that results from the decreased recombination in the base.
B. Experimental demonstration
To demonstrate the effect, we have measured a 4 cm2
device made on a single-crystal silicon wafer having the
usual resistivity for silicon solar cells, approximately
1  cm. To better explain the difference between the QSSVoc
and OCVD methods, the measurement shown in Fig. 3 com-
bines both. The first 8.5 ms is typical of the quasi-steady-
state regime, obtained with a photographic flash with a dim-
ming characteristic constant light=1.2 ms. This type of flash
is not intended to have a very fast cutoff, and the graph in
Fig. 3 indicates that light cutoff100 s, which represents a
quasitransient regime. Finally, for times greater than 9 ms,
the light practically vanishes and the open-circuit voltage
decays freely OCVD, following the characteristic time re-
sponse of a discharging capacitor.
The illumination-Voc curve corresponding to the data
given in Fig. 3 is plotted in Fig. 4. For comparison, the
experimental dark I-V curve is also shown as a continuous
line. The QSSVoc method is directly accurate that is, even
without correction only at voltages higher than 0.45 V for
this particular illumination. Nevertheless, once corrected for
the capacitive effects, the reconstructed QSSVoc curve agrees
FIG. 3. Illumination intensity and open-circuit voltage for a 1  cm p-type
silicon solar cell measured as a function of time. The first 8.5 ms corre-
sponds to the quasi-steady-state regime dimming characteristic constant
light=1.2 ms, followed by a rapid drop in the light intensity quasitransient
regime, with light cutoff100 s, and finally a free decay of the open-circuit
voltage in the dark OCVD. The open-circuit voltage follows, for times
greater than 9 ms, the characteristic decay of a capacitance.very well with the static dark I-V curve, even in the low
AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
074507-5 A. Cuevas and F. Recart J. Appl. Phys. 98, 074507 2005voltage range. Remarkably, the successful reconstruction of
the curve includes the data points corresponding to the
OCVD range of the measurement. Although two-thirds of the
capacitive effects could be explained by the simple model of
Eq. 9, in this occasion the input capacitance of the instru-
ment an A/D card also played a noticeable role. This exter-
nal loading capacitance was measured to be 80 nF, while the
solar cell had a junction capacitance in the range of 160 nF.
The latter was confirmed by measuring the C-V curve in
reverse bias,17 which allowed a more precise determination
of the base doping 0.8  cm. The model, taking into ac-
count both the junction capacitance and the impedance of the
measuring equipment, permits a complete reconstruction of
the static illumination-Voc curve from this combined QSS
and OCVD measurements.
The simulations presented in Fig. 2 showed the rel-
evance of the junction capacitance effect as a function of the
speed at which the excitation changes and the excess carriers
recombine. In addition, the effect of CJ also depends strongly
on the base doping. As described by Eq. 9, it approximately
increases with the square root of the base dopant density. To
illustrate this, we have selected a solar cell made on a
0.1  cm silicon wafer and measured it entirely using the
QSSVoc method over several decades of light intensity,
which were achieved with six combinations of neutral-
density filters and a photographic flash having an approxi-
mate light=1.2 ms. The calibrated detector used to measure
the light intensity also had six ranges of sensitivity. The re-
sulting illumination-Voc characteristics are shown in Fig. 5,
together with the static I-V characteristics, which were mea-
sured in the dark, point by point. The distortion produced by
the junction capacitance is obvious at voltages below 0.4 V.
Next, we have applied the simple model of Eq. 9 to calcu-
late the equivalent steady-state illumination that is, the ac-
tual illumination intensity plus the SCR current dQSCR/dt
FIG. 4. Illumination-Voc curve for the 1  cm silicon solar cell measured as
shown in Fig. 3 open square symbols. The QSSVoc method is directly
accurate only at voltages higher than 0.45 V for this particular illumination.
The reconstructed curve, given by the closed symbols, includes the OCVD
range of the measurement, dominated by junction capacitance effects. For
comparison, the experimental dark I-V curve is shown as a continuous line.corresponding to every voltage. The result is a corrected
Downloaded 09 Jun 2008 to 130.56.17.215. Redistribution subject to illumination-Voc curve that agrees very well with the dark
I-V one, thus proving the validity of the model.
It is obvious from Eq. 9 that, to be able to correct for
the effects of junction capacitance, it is necessary to know
the dopant density in the base and the value of the builtin
equilibrium potential difference across the pn junction. For-
tunately, these parameters do not need to be accurately
known, for example, a 10% error in NB or in o results in
less than 6% error in the evaluation of the junction capacitive
current. Nevertheless, NB can be easily determined from
measurements of the junction capacitance in reverse or mod-
erate forward bias.17
IV. THE EFFECT OF JUNCTION CAPACITANCE
ON LIFETIME MEASUREMENTS
To assess the possible impact of junction capacitance on
lifetime measurements it is useful to express the current
needed to charge it directly as a function of the carrier den-
sity. In low injection, Eq. 9 can be simplified to
dQSCR
dt
 kT NBS
2 lnNE/n0
1
n0
dn0
dt
. 11
Note that in this expression, the excess carrier density is to
be calculated at the edge of the SCR x=0, which can, in
many cases, be substantially different to the average density
in the base region.
Using the computer simulation program PC1D,14 we have
calculated the excess carrier density as a function of time and
illumination in a few representative cases. Figure 6 shows
the simulated effective lifetime as a function of the average
excess carrier density in the base n that corresponds to the
solar cell in Fig. 1, with a p-type base region having NB
=1016 cm−3 and nB=100 s. Note that the highest value of
the effective lifetime is only eff=24 s, due to the limits
imposed by the front emitter and the rear surface. The two
extreme illumination cases of quasistatic light=1 ms and
quasitransient light=10 s conditions have been analyzed.
If a proper QSS illumination is used light=1 ms, the effect
FIG. 5. Experimental dark I-V curve, QSS illumination-Voc data, and recon-
structed I-V curve for a 0.1  cm p-type silicon solar cell. The QSS
illumination-Voc curve was measured using several flashes with a dimming
constant of light=1.2 ms.of the junction capacitance is almost negligible for this de-
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sient situation light=10 s at carrier injection levels below
1013 cm−3.
The effects of junction capacitance on lifetime measure-
ments are, therefore, only significant if the technique used to
determine the excess carrier density is very sensitive. Photo-
luminescence has recently been shown to reach down to the
1011 cm−3 range.5 Even lower excess carrier densities can be
easily reached from voltage measurements such as QSSVoc.
The excess carrier density at the edge of the junction space-
charge region can be determined from the voltage:
np  n0NB + n0 = ni
2exp
qVoc
kT
, 12
where ni
2 is the pn product in equilibrium and, for a p-type
base region, nn and pNA+n. It is, therefore, possible
to convert illumination-Voc curves into effective lifetime ver-
sus carrier density curves, as illustrated by the correspon-
dence between Figs. 1 and 6.
When the magnitude being measured is the excess pho-
toconductance of the wafer, a much stronger effect makes its
appearance, the modulation of the width of the depletion
region or DRM.7–10 It stems from the compression of the
depletion region from its equilibrium value to that corre-
sponding to the particular injection level under
consideration,10 or vice versa. This requires an additional
number of holes and electrons, given by QSCR in Eq. 8,
which do not participate in the recombination processes,
since they are separated by the junction. These extra elec-
trons and holes are generally mobile, and contribute to the
conductance of the wafer. The total excess photoconductance
is given by the sum of the contributions due to the carrier
charge within the base and in the SCR:
	 = 	L − 	dark  QBn + p + QSCRn + p . 13
For simplicity, we have assumed that the excess electron and
FIG. 6. Effective lifetime as a function of average excess carrier density in
the base for the same device used in Fig. 1. Computer simulations include
techniques based on voltage or luminescence measurements, which are only
affected by the junction capacitance and techniques based on photoconduc-
tance measurements, where the depletion region modulation effect is
dominant.hole densities within the quasineutral base region are identi-
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The second term of the right-hand side represents the DRM
effect, which becomes noticeable only at very low injection
levels, when QB
QSCR. If this additional contribution to the
photoconductance is misinterpreted as being part of the base
charge, an abnormally high effective lifetime is determined
as shown in Fig. 6. Note that the two sides of the junction
store an identical albeit opposite in sign charge QSCR. We
have indicated in Eq. 13 that, in the n+ emitter diffusion
side, the mobility of electrons can be expected to be lower
than in the lowly doped base region. Similarly, n+ regions
can be induced in p-type silicon wafers by certain dielectric
layers that contain a strong positive charge, including SiO2
and SiN. The mobility of electrons in such inversion layers
has been shown to be significantly reduced.7 This is, never-
theless, only a relatively minor refinement in the modeling of
the DRM effect. Note that in forward bias there is, in addi-
tion to QSCR, a small excess concentration of electrons and
holes within the SCR that gives rise to the well-known SCR
recombination current.
It is evident that the DRM effect and the junction capaci-
tive effect discussed in this paper are closely related, since
both originate in the SCR charge. Previous works,7–10 only
dealt with the impact of the DRM on the photoconductance.
It is important to note that the DRM effect is present either in
transient PCD experiments7 or under quasistatic10 or fully
static illumination. Indeed, it can be observed to be identical
for the two illumination conditions studied in Fig. 6. The
SCR capacitive effect, on the other hand, stems from the rate
of change of QSCR with time, and does not affect fully static
measurements.
Figure 6 shows that the DRM artifact is dominant at
carrier densities below 1014 cm−3 for this representative solar
cell wafer. Therefore, junction capacitance effects are un-
likely to be found in lifetime measurements unless a nonpho-
toconductive technique is used, such as luminescence or
voltage, and the sensitivity of the instruments is sufficient to
reach very low carrier densities. Lifetime measurements
based on photoluminescence5 have been shown to be exempt
from DRM effects and pointed out to be proportional to the
separation between electron and hole quasi-Fermi levels,
which are equivalent to measuring the voltage. It is to be
expected that transient or quasitransient photoluminesce
measurements will be subject to junction capacitance effects,
just like QSSVoc measurements. This provides a qualitative
explanation for the observation by Trupke et al.18 that the
lifetime measured at low carrier densities by transient pho-
toluminescence was higher than that measured by quasi-
steady-state photoluminescence. In addition to DRM, carrier
trapping19 at shallow energy levels together with experimen-
tal noise frequently dominate the ultralow injection range.
V. CONCLUSIONS
Our analysis of the transient phenomena that may be
present in quasi-steady-state QSS measurements has re-
vealed that the capacitance of the space-charge region has an
important effect at low carrier injection levels. This has clear
repercussions on QSS measurements of illumination-Voc
AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
074507-7 A. Cuevas and F. Recart J. Appl. Phys. 98, 074507 2005characteristic curves. Even if a slowly changing illumination
is used to ensure nearly static conditions from the point of
view of the base region, junction capacitance effects can still
be predominant at low voltages.
Fortunately, the customary analytical model for the junc-
tion capacitance permits to obtain the static illumination-Voc
characteristics from time-dependent measurements in a
simple manner. This model has been verified by means of
computer simulations and experimental measurements. In all
the cases analyzed here, which ranged from transient decay
to almost fully static conditions, we found an excellent
agreement between the reconstructed illumination-Voc char-
acteristics and the true steady-state ones. In practice, real
solar cells frequently have a low shunt resistance, which
would present an easier path for the discharge of the junction
capacitance, and hence reduce its impact. Therefore, the ef-
fect of CJ is more likely to be observed in high-quality cells.
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